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Quantitative Structure-Activity
Relationships of Insecticides and Plant
Growth Regulators: Comparative Studies
toward Understanding the Molecular
Mechanism of Action

by Hajime Iwamura,* Keiichiro Nishimura,* and
Toshio Fujita*

Emphasis was put on the comparative quantitative structure-activity approaches to the exploration of
action mechanisms of structurally different classes of compounds showing the same type of activity as
well as those of the same type of compounds having different actions. Examples were selected from studies
performed on insecticides and plant growth regulators, i.e., neurotoxic carbamates, phosphates, pyreth-
roids and DDT analogs, insect juvenile hormone mimics, and cytokinin agonistic and antagonistic com-
pounds. Similarities and dissimilarities in structures required to elicit activity between compounds classes
were revealed in terms of physicochemical parameters, provoking further exploration and evoking insights
into the molecular mechanisms of action which may lead to the development of new structures having
better qualities.

Introduction
Among various quantitative structure-activity cor-

relation (QSAR) procedures, the Hansch approach has
been most widely and effectively used, covering diverse
fields of medicinal drugs and agrochemicals (1-3). It
assumes that the potency of a specified biological activ-
ity exerted by a series of compounds can be analyzed
by an equation composed of terms of various physio-
cochemical parameters assignable to the structures of
the compounds.

Mathematically, the assumption is represented by Eq.
(1), using free-energy-related parameters.

log(1/C) = awr + pa + +S .+..... + const. (1)

Here, c is the concentration (or dose) of congeneric
members that gives a standard response such as EC,,,
LD50, etc., on a molar basis; r is the hydrophobic sub-
stituent parameter defined from oil/water (generally, 1-
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octanol/water) partition coefficients P as

Irn log P. - log PH

where subscripts denote substituted and unsubstituted
compounds (4). u is the Hammett constant for the elec-
tronic property of substituents derived from dissocia-
tion constants of benzoic acids (5). Depending on the
situation, the hydrophobicity parameter of the whole
molecule, log P, and the electronic parameter for ali-
phatic substituents such as a* (6) and a, (7) can some-
times be used in place of Fr and a. S is the steric
parameter. According to the mode of steric interactions
involved, the Taft E, (6,8), the Verloop STERIMOL
(9), the van der Waals volume (10) or another parameter
is used as the steric parameter. In some cases, the
squared terms for hydrophobic and steric parameters
are required to account for the optima for these effects.
Factors for hydrogen bonding (11) and parameters for
other intramolecular forces such as molecular refractiv-
ity (12) may be needed in certain cases. By the least-
squares method and statistical examinations, the
regression coefficients a, p, and 8 are determined, spec-
ifying structural factors contributing to variations in the
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potency. Since the effect of structural variations is sep-
arated into components, and significant physiochemical
factors are indicated quantitatively, this method may
reveal molecular mechanisms involved in processes
leading to the elicitation of biological activity. It is es-
pecially effective to apply this procedure to the direct
comparison of structural requirements for activity be-
tween different compound classes showing the same type
of activity as well as between the same type of com-
pound classes showing different actions.

In this article, some of our recent QSAR studies on
various sets of insecticides and plant growth regulators
are reviewed to show the versatility of this procedure
not only to elucidate the molecular mechanisms of bio-
logical activity but also to examine them by quantitative
comparisons.

Insecticides
Antiacetylcholinesterase Phenyl
N-Methylcarbamates and
O,O-Dimethylphosphates

Aryl N-methylcarbamates and O,O-dialkylphospho-
rothionates are two major groups ofcompounds to which
a number of agricultural insecticides belong, the rep-
resentative members being carbaryl (I) and fenitrothion
(II). The phosphorothionates are usually oxidized in vivo,

gated. Depending upon the position and nature of
substituents, the value of Kd showed significant varia-
tions, whereas that of k2 did not, in each of the carba-
mates and phosphates. Thus, formation ofthe reversible
complex was considered to be the step which governs
the variation in overall inhibitory activity.

Equation (3) is the result of analysis of the Kd (in M)
from data obtained using bovine erythrocyte AChE (15)
for o-, m- and p-substituted phenyl N-methylcarba-
mates (III).

0

III

log (1/1(K) = 1.3997T2,3 + 0.306rr4 + 1.659uoP>O
(0.168) (0.159) (0.380)

- 1. 784u°<o + 0.168E, + 0.770F
(0.371) p (0.132) (0.536)

with* n = 53
r = 0.947
s = 0.238

+ 1.358HB + 2.592
(0.248) (0.162) (3)

0

OCNHCH3

11o0 CH3
02N pPNOCH3
H3C II

giving the corresponding phosphates which are the ac-

tive principles. Their mode of insecticidal action is well
known to be due to inhibition of acetylcholinesterase
(AChE). The steps by which these insecticidal esters
(ArOX) react with AChE are shown in Equation (2),
where EOH denotes the enzyme (13).

ArOX + EOH k! Reversible k,- EOX + ArOH
k- Complex

(2)

After establishing experimental conditions to deter-
mine a reliable set of kinetic parameters Kd( = k -,k,) and
k2, for the inhibitory reaction (14), the molecular mech-
anism of enzyme inhibition was extensively investi-

ir is derived from the experimentally determined 1-oc-
tanol/water partition coefficients, and the subscripts 2,3,
and 4 indicate substituents at the ortho, meta, and para
positions, respectively. The slopes of the X2,3 and XT4
terms suggest that the hydrophobic nature of the en-
zyme surface interacting with the ortho and meta po-
sitions is approximately equivalent, and higher than that
of the surface interacting with the p-position.

&' is the electronic parameter which, it is supposed,
contains no through-resonance effect (16). The effects
of ortho substituents were treated according to our re-
cently developed procedure (17,18) in which the "ordi-
nary" electronic effect of ortho substituents was taken
as being equivalent to that of para substituents. The
substituents are classified in terms of electronic effect
into two groups: those in one group are more electron
withdrawing and promote an attack by a nucleophile of
the enzyme on the carbonyl cabon of the carbamyl group,
and those in the other group are more electron-releasing
and assist an electrophilic attack by an acidic group of
the enzyme on the carbonyl oxygen atom. Substituents
in the first group are those at the ortho position, and
those which are electron-withdrawing at the para po-
sition, such as NO2, CN, and acyl. Their electronic effect
is expressed by the ° term. All other substituents
belong to the second group, the electronic effect of which

*In this and following equations, n is the number of compounds
used in the regression, r is the multiple correlation coefficient and s
is the standard deviation. The figures in parentheses are 95% confi-
dence intervals.
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is represented by the &r<c term. The significance of
these two terms in Equation (3) suggests different
mechanisms for the two groups of substituents, leading
to a common tetrahedral intermediate as shown in Fig-
ure 1. Electron-releasing ortho substituents do not fol-
low the negative p mechanism because the acid-catalytic
site of the enzyme does not fit the carbonyl oxygen atom
due to hindrance exerted by these ortho substituents.
E. is the Taft-Kutter-Hansch steric parameter (8),

the reference of which is shifted to that of H and F is
the Swain-Lupton-Hansch field effect constant (12,19),
both for ortho substituents. The coefficient values of
these terms, 0.17 and 0.77, are very close to those for
the alkaline hydrolysis of ortho substituted phenyl ace-
tates (17). Thus, in support of the above discussion, the
proximity effects of ortho substituents are considered
to be those on the tetrahedral intermediate formation.
HB, an indicator variable for the hydrogen bonding

effect of substituents, is 1 for hydrogen bonding sub-
stituents such as o-OR, m-acyl, -CN, -NO2 and -NMe2,
but otherwise is zero. The significance of the term in
Equation (3) indicates a specific hydrogen bond for-
mation of these groups with a hydrogen donor on the
enzyme. The hydrogen donor site is supposed to be
located unsuitably for interaction with other hydrogen
bonding groups such as o-NO2, -CN and m-OR. Figure
2A shows the stereospecific situation schematically.
The mechanism of the inhibition reaction of the same

series of compounds against AChE prepared from fly
heads was found to be quite similar to that against bo-
vine erythrocyte AChE [Equation (4)] (20).

One of the slight differences to be noted is that the effect
of hydrogen bonding substituents is represented by two
indicator variable terms, HB1 for o-OR, -CN, -NO2, m-
CN, -NO2, and -acyl, and HB2 for m-OR. The hydrogen
donor group of fly-head AChE is suggested to be more
suitably located for interaction with m-OR than that on
the bovine erythrocyte AChE as shown in Figure 2B.
Carbamates are metabolically detoxified by a variety

of biochemical reactions in the body of the housefly.
Among these, the oxidative metabolism generally as-
sociated with the mixed-function oxidases has been
shown to be of prime importance (21). Under conditions
where oxidative metabolism was suppressed with pi-
peronyl butoxide, the insecticidal LD50 (in mole/head)
values against housefly were determined. QSAR ana-
lysis gave Equation (5) which resembles Equation (4)
for AChE inhibition but the slope of each term is gen-
erally lower, suggesting that a detoxification mecha-
nism(s) other than oxidation may be involved in the
whole-body activity.

log(l/LD,0) = 0.375Th23 - 0.0821T, +
(0.079) (0.079)

0.995crp>O
(0.390)

- 0.668op°< + 0.852HB1 + 0.328HB9
(0.244) (0.162) (0.114)

+ 8.419
(0.074)

with n = 37
r = 0.955
s = 0.104

(5)

log (1IKd) = 1. 554ir2 +
(0.212)

1.1347r3 + 0.238rr4
(0.143) (0.134)

+ 1. 147u°,o - 1.592cr<'
(0.279) (0.328)

+ 0.435HB2
(0.231)

with n = 54
r = 0.961
s = 0.210

HA
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(0.168)
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FIGURE 1. Electronic mechanism of the reaction of phenyl N-meth-
ylcarbamates leading to the tetrahedral intermediate with AChE
(15). The boldface arrow represents the electron-pair migration
occurring as the initiation of the reaction. (Reproduced with per-
mission from Academic Press, Inc.)

The insecticidal activity values of compounds with
strongly electron-withdrawing substituents such as NO2
and CN are not included in Equation (5). They were
considerably lower than those to be expected from their
inhibitory activity against AChE, suggesting the pos-
sibility of spontaneous hydrolysis during the test period.

(4)
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FIGURE 2. Hydrogen bonding formation of phenyl N-methylcarba-
mates with (A) bovine erythrocyte (15) and (B) fly-head AChE
(20). (Reproduced with permission from Academic Press, Inc.)
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These results were helpful in designing new com-
pounds having higher activities. Polysubstituted deriv-
atives having a hydrophobic OR group at the ortho
position and a hydrophobic alkyl group at the meta po-
sition were synthesized and, of these, the 2-isopropoxy-
5-n- and -s-butyl derivatives showed high potency as
expected (20).
The Kd (in M) value for O,O-dimethyl- O-phenyl phos-

phates (IV) determined with fly-head AChE was simi-

0 C

O_ P*OCH3
IV

larly analyzed to give Equation (6) (K. Kamoshita and
T. Fujita, unpublished data).

log(l/Kd) = 0.1767T,,3 + 2.253(T# + 2.892 (6)
(0.161) (0.304) (0.215)

The effect of ortho substituents is only the "ordinary"
electronic effect as represented by the corresponding
&'(para) value, and the proximity factors expressible
by F and Es parameters as in Equation (3) are insig-
nificant. The through-resonance is also insignificant for
ortho substituents, probably due to the lack of coplan-
arity of the side chain.
The above QSAR analyses indicate that the detailed

substituent effects differ between the two series of com-
pounds. For carbamates, the electronic effect of sub-
stituents is position-specific as well as biphasic.
Regiospecific hydrophobic and hydrogen-bonding fac-
tors operate in addition. For phosphates, the situation
is much simpler, complex formation being dependent
mostly on the electron-withdrawing substituent effect.
We consider these differences to be due in part to the
fact that a closer fit into the enzyme is required for the
complex formation with carbamates. The core molecular
mechanism is, however, common between the two se-
ries, being the nucleophilic attack of the serine OH of
the enzyme against the ester moiety of insecticides.

XT2,3 iS the experimentally determined Fr value for ortho
and meta substituents. The -w term for para substituents
was not significant in determining the variations in ac-
tivity. The a' (sigma mixed) term (18,22) is a composite
of cr' for ortho and meta substituents and a- for para
substituents (23). Since the p value (2.25) is close to that
in the dissociation of substituted phenols (2.11) (23), and
also since the cr- is better for the correlation of para
substituents, the structure of the reversible complex is
considered not to be the regular pentacovalent-type but
to involve a part of the leaving process of phenoxides
as shown in Figure 3.

(o11
ArOP(OR)2
H4-7O
I/////

O0

ArO P(OR)2
H;
I I

0

ArO--P(OR)2
I

H Oi

I/,...
Pentcicovalent Reversible corplex
intermed ate

FIGURE 3. Reversible complex formation of phenyl dimethyl phos-
phates with AChE.

Synthetic Pyrethroids and DDT-Related
Compounds.
The pyrethroids are a class of insecticides from a plant

source. Recently, a number of synthetic analogs have
been developed that are effective not only against
household but also against agricultural pest insects. DDT
is a well-known synthetic insecticide. Although its use
has been prohibited in a number of countries, the mode
of action, as well as structure-activity studies of related
compounds, has been continued in the hope of devel-
oping analogs devoid of unfavorable environmental
impacts.

Although -the origins are entirely different, their mode
of insecticidal action has been shown to be very similar
(24). Structural characteristics of compounds have been
merged in recently developed novel insecticidal struc-
tures as shown in Figure 4 as an example. The principal
target site of these two classes of compounds is believed
to be the axonal membrane of the nervous system of
insects, inhibiting the closing mechanism of the Na+
channel (28,29). Recently, we have measured the in-

CI-o\*,H-OCI
CC13

DDT

90 e e

Natural pyrethroids

R = Me, Et, vinyl

CIC(25)I

DCC (25)

0
C l-%C, HCO0CH 9 /I I

CH CN 0-C

CH3 CH3

Fenvalerate (27)

EtO-COOH-q
Af LOCN 0-0

NK-8116 (26)

FIGURE 4. Development ofa DDT-pyrethroid-hybrid type insecticide.

310



STRUCTURE-ACTIVITY STUDIES OF PESTICIDES

duction of hyperexcitatory symptoms in excised nerve
cords of American cockroaches immersed in physiolog-
ical saline solution containing various concentrations of
substituted-benzyl (+ )-trans-chrysanthemates (V) and
DDT types of compounds (VI-IX) in terms of the min-

(1R)-trans C-OCH2

0 X
V

XOCHfX

CCl3
VI

XOCHOx

CHCl2
VII

xQ-CH X
CHNO2
CH3
VIII
Vi

H3COo CHoI
IX

imum concentration (MEC in M) required to induc
repetitive train of impulses in response to a single sti
ulus (30).
The quantitative analysis has been performed for I

ortho, meta, and para substituted-benzyl chrysant
mates separately (31) to yield Equations (7), (8),
(9). For ortho derivatives,

log(1/MEC) = -l.Ollu - 0.301-rr2+ 0.405AVw
(0.673) (0.332) (0.332)

+ 5.501
(0.480)

with n = 14
r= 0.878
s = 0.372

For meta derivatives,

e a
im-

the
he-
and

log(1/MEC) = 0.654AVW - 0.066zVw + 5.454
(0.379) (0.066) (0.459) (8)

with it = 17
r = 0.850
s = 0.325

For para derivatives,

log(1/MEC) = -0.3441r + 1.132zVW - 0.260V'2w
(0.205) (0.522) (0.098)

+ 5.775
(0.578)with n = 18

r = 0.933
s = 0.398

(9)

AV, means the value of van der Waals volume relative
to that of H, scaled by 0.1 to make it nearly equiscalar
with the other parameters.

Equation (7) indicates that the larger the van der
Waals volume, the more favorable are the ortho sub-
stituents to the excitatory activity on the nerve cords
among the substituents tested here. The electron-with-
drawing effect of the ortho substituents weakens the
activity. The activity varies parabolically with the T
value, the optimum of which is around wr = 0. Equations
(8) and (9) show that the optimum van der Waals volume
exists at about 4.9 and 2.2 for meta and para substi-
tuents, respectively. Hydrophobicity of substituents is
not favorable to the activity at the para position.

In a concentration range higher than those exhibiting
repetitive responses, this class of compounds blocks
nerve conduction. We have also determined neurob-
locking activity in terms of the minimum effective con-
centration (MBC in M) in the saline solution (30). In
contrast to the effect on excitatory activity, substituent
effects on blocking activity were not specific to substi-
tuent positions. With the position-independent hydro-
phobic and steric parameters, Equation (10) was
formulated for 20 benzyl chrysanthemates where defi-
nite activity indices are available (31).

log(l/MBC) = 0.370AVw - 0.2831T2 + 3.972
(0.138) (0.158) (0.240)

with n = 20
r = 0.284
s = 0.812

(10)

Peculiar "topographical" effects of substituents have
long been observed for toxicity of substituted-benzyl
chrysanthemates against houseflies (32). The effect of
the benzyl group attached to the benzyl ring is highest

(7) in the meta while lowest in the ortho derivative. For
the allyl derivatives, activity was highest in the para
and lowest in the ortho isomer. Equations (7)-(9) indi-
cate that the optimum van der Waals volume of sub-
stituents for the neuroexcitatory activity is largest at
the ortho and smallest at the para position. In Figure
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W 7 para -

6

t t
5 NO2 OPh AVw

2 4 6

FIGURE 5. Position-dependent steric effect on the neuroexcitatory
activity of substituted benzyl (1R)-trans-chrysanthemates (31).
(Reproduced with permission from Academic Press, Inc.)

5, the activity is expressed as the function of the AV,
value at each position according to Equations (7)-(9). It
is easily understood that, other factors being equal, the
sequence of the activity among positional isomers varies
from para > meta > ortho via meta > para > ortho to
meta > ortho > para with increase in the bulkiness of
substituent from nitro to phenoxy. Since the neurob-
locking activity is not position-specific, the peculiar top-
ographic effects of substituents on the insecticidal
activity of benzyl chrysanthemates are understood on
the basis of those on the neuroexcitatory activity.
For the aromatic substituent effects on the neuroex-

citatory activity ofDDT (VI), DDD (VII), prolan (VIII),
and their analogs, Equation (11) was formulated (33),
where I is an indicator variable for prolan:*

log(1/MEC) = 2.744AVw - 0.665AVw + 0.469I
(0.411) (0.124) (0.287)

+ 4.816
with n = 25 (0.322) (11)

r= 0.957
s = 0.292

analogs. There is practically no difference in activity
between the DDT and DDD series if the aromatic sub-
stituents are the same. The optimum AV, value is about
2.1, which is close to those of Et and OEt. This optimum
is very similar to the value for the para substituent
effect of benzyl ( + )-trans-chrysanthemates on the same
type of activity. The aromatic moiety of the pyrethroids
and DDT-type compounds may fit into the target sites
at the axonal membrane with a closely related (or a
common) mechanism.
For the effect of benzylic substituents examined with

the methoxychlor analogs (IX), Equation (12) was for-
mulated (33), where L is the STERIMOL length pa-
rameter (9).

log(1/MEC) = 2.987AVw - 0.217AV2 - 1.121L
(1.426) (0.199) (0.392)

- 0.5111T2 - 4.480
(0.142) (2.792)

(12)

*Equations (11) and (12) vary slightly from the original ones (33),
where some of the data were erroneously used.

with n = 17
r= 0.961
s = 0.409

Equation (12) reveals that the optimum bulkiness and
the optimum hydrophobicity of substituents are located
at about AV, = 6.89 and -T = 0, respectively. Equation
(12) also shows that the shorter the length of benzylic
substituents, the higher is the activity. Thus, thickset
substituents are desirable for high activity. Although
the requirements for the optimum bulkiness as well as
for the optimum length are not satisfied simultaneously,
such thickset substituents as CBr3, CH(Et)NO2, and
C(Me)2NO2 are in fact most favorable.
Holan proposed that benzylic substituents of DDT

analogs would fit into the channel of a pore in the cell
membrane to induce leakage of Na+ ion (34). He dem-
onstrated that the optimum diameter of the benzylic
substituents is about 6 to 6.3 A to plug the pore. As-
suming the substituent with 6 to 6.3 A diameter to be
a sphere, the volume is calculated as being about 73 cm3/
mole, which is very close to the optimum van der Waals
volume estimated from Equation (12), which is about
72.5(= [optimum AVw + Vw (H)] x 10).

Equation (13) was derived for the insecticidal activity
against the American cockroach in terms of the mini-
mum lethal dose (MLD in mole/insect) of four series of
DDT-type compounds where definite activity was de-
terminable by injection (33).

log(1/MLD) = 0.531 log(1/MEC) + 0.169 log P
(0.144) (0.122)

+ 3.013
(1.196)with n = 31

r = 0.839
s = 0.305

(13)

The insecticidal activity is determined by the neuroex-
citatory activity when the role of hydrophobicity (log
P) in the transport process to the target was considered
and separated.
The above analyses indicate a number of similarities

in structure-activity relationships, in particular, in par-
abolic dependencies of neuroexcitatory activity on steric
factors between two series of compounds. They are,
however, still incomplete, and the accumulation of this
type of analyses systematically performed for a number
of substructural features would be one of the most ra-
tional approaches in comparing the molecular mecha-
nism of actions.

Insect Juvenile Hormone Mimics
Insect juvenile hormone (JH) mimetic compounds are

divided roughly into two classes, terpenoid and nonter-
penoid types. A representative of the first class, iso-
propyl (2E, 4E)-1 1-methoxy-3, 7,11-trimethyl-2,4-
dodecadienoate, named methoprene (X), exhibits high
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CH3O

3~ ~

x

activity on Aedes aegypti (yellow-fever mosquito) but
it is not always so on other insect species (35). For
Tenebrio molitor (yellow mealworm), the most active
member is N-ethylamide of dodecadienoic acid (XI) (36).
N-Ethyl-1,2-bis(isobutylthiolcarbamoyl)ethane (XII)

CH30 0

H
XI

0
os ifN NKs--*

0XI
XII

belongs to the nonterpenoid class and possesses out-
standing activity on T. molitor (36), and N-[4-(3-chlo-
robenzyloxy)benzyl]-2, 6-difluoroaniline (XIII), a

p~~ NW~
Cl H

XIII

compound of high aromatic content, shows a moderate
activity on the same insects (37). The compounds in the
nonterpenoid class are not always very active but are
novel in structure. It is expected that they provide pos-
sibilities to develop useful compounds without the de-
ficiencies like poor field stability and costly synthesis of
the compounds having integrity of the terpenoid
structure.

2,4-Dodecadienoates and related compounds are a class
having,the highest total number of compounds tested
so far for activity. Using the data published by Henrick
et al. (38), analyses were performed for activities on A.
aegypti and T. molitor, quantitatively in terms of phys-
icochemical parameters, to explore the similarities as
well as dissimilarities between the species of the struc-
tural effects on activity (39). The structural information
obtained could be transposed to other, nonterpenoid
types of compounds if the site of action or the receptor
is the same.
The structure of the series of compounds shown in

Figure 6 varies at both ends, X and Y, of the chain. To
express the molecular shape, the steric parameters
shown by Figure 7 were defined. Lx is the length of the
X end along the bond axis (C1-X), and W, is the width
in the direction in which the longest chain of the X

substituents extends in the staggered confonnation. The
maximum length of the whole molecule was expressed
by the D parameter, which is the summation of the D,
and Dy. The DX is the length of the X moiety along an
axis which passes through the C1 and C11 atoms in the
fully extended conformation and the Dy is that of the Y
moiety. The D parameter is accordingly the length of
the molecule after the common C,-C,, part is sub-
tracted. The Bx parameter shown by Figure 8 manifests
the bulkiness toward the carbonyl group of ao-substi-
tuents in the alcohol moiety of ester and thiolester de-
rivatives. The values of these steric parameters are
calculated geometrically based on the CPK models using
the STERIMOL program (9).
The hydrophobicity of the X end, ,, is expressed by

the ,r value of the C(Me) = CH-CO-X moiety, taking the
conjugation of X with the oa,,1-unsaturated carbonyl
group into consideration. The wYr term is the hydropho-
bicity of the Y-C,,-C10 moiety since some compounds
have substituents at the A and/or B positions defined
in Figure 6.

After separate analyses for two sets of compounds
where either the X or Y end is held constant, Equation

B X 0

A 4

X =OR, SR, NHR, NR2, Alkyl
Y=OR, SR, OCOR, Me, Et
A=H, OR, SR etc
B=H ,Me,Ct

FIGURE 6. Structure of JH-mimetic 2,4-dodecadienone derivatives
(39). (Reproduced with permission from the American Chemical
Society.)

FIGURE 7. Schematic representation of the steric parameters (39).
The ends of the bars of the model represent hydrogen atoms.
(Reproduced with permission from the American Chemical Society.)

1 Bx

FIGURE 8. Schematic representation of the steric B., parameter for
esters (39). (Reproduced with permission from the American
Chemical Society.)
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(14) for A. aegypti and Equation (15) for T. molitor were
derived for the combined set with the whole-molecular
as well as the substructural parameters.
For A. aegypti:

PI50 = 3.65LX - 0.35LW
(1.26) (0.11)

- 0.06D2
(0.06)

+ 0.57Bx
(0.25)

+ 1.90 log P
(1.13)

- 0.71IN
(0.41)

- 1.391b, - 0.65I,(
(0.65) (0.37)

+ 1.08D2
(1.12)

- 0. 14(log P)2
(0.09)

+ 0.86IoR
(0.35)

- 16.35
(5.21)

with n = 85
r = 0.89
s = 0.53

For T. molitor:

pI5 = 4.63W, - 2.58W2
(1.69) (0.21)

+ 2.58D2
(1.14)

- 0.15D2 + 1.76 logP - 0.13(logP)2
(0.06) (1.13) (0.09)

+ 0.611n + 0.87BT
(0.30) (0.26)

- 2.51Ihr.
(0.71)

+ 2.89INR
(0.47)

- 23.32
(5.96)

with n = 84
r = 0.90
s = 0.54

pI,, is the logarithm of reciprocal of the I,, value, which
is the molar concentration for A. aegypti larva and mole/
pupa for T. molitor to produce 50% inhibition of
metamorphosis.

Significance as well as the overlaps of the coefficient
values of the log P and its squared term in Equations
(14) and (15) indicate the similarity of the transport
processes. Other common terms are D, B,, and Ibr, I'b
is an indicator variable for compounds having a branch
at any position in the X moiety of ketone derivatives.
Its negative coefficient may suggest that the branch
obstructs the proper fit in the receptor. Contrary to
this, the branch parameter of esters, B,, has a positive
coefficient. The esters appear susceptible to hydrolysis,
and the site of the enzymatic attack of those having an
a-branch becomes sterically hindered. It is interesting
that the D term, which is the summation of Dx and Dy,
is significant. This suggests that the X and Y ends are
located at the site of action parallel in terms of the D.
and Dy axes, irrespective of the conformation of the
middle part of the molecule. On this basis and minimiz-
ing the strains between bonds, a model-building study
suggested an extended active conformation like that
depicted by Figure 7.
An important factor in determining the activity is the

length of the X-substituents, Lx in Equation (14) for A.

aegypti, whereas it is the width parameter W, in Equa-
tion (15) for T. molitor. The significance of the squared
terms suggests that a receptor wall exists in the L.,
direction ca. 5 A, the optimum value, distant from the
Cl atom in the A. aegypti receptor and it is located in
the W,. direction ca 3.8 A distant from the L., axis in
the T. molitor receptor. The L, and W, parameters
derived similarly to L., and W. were found to be insig-
nificant, showing receptor wall existing only in the di-
rection of the DY axis at the Y end. For the C7
enantiomeric effect, the (R)-( - )-isomer always shows
lower activity in A. aegypti than the (±+)-counterpart.

) A spatial wall is thought to exist closer to the methyl
group at the C7 atom in the interaction site, and this is
expressed by the indicator variable term I( -), which
takes the value of 1.0 for the (R)-( - )- and zero for the
(±+)-isomer. Another term which reflects the species
difference is the position-specific -r.r term in Equation
(15). The region of the T. molitor receptor with which
the X moiety is in contact is considered to be hydro-
phobic in nature, and interacts more strongly with com-
pounds having a hydrophobic X moiety.
The I,R is an indicator variable that takes the value

of 1.0 for the amides and ketones and is otherwise zero.
Its significance with the positive sign in Equation (15)
for T. molitor may reflect the resistance of the amides
to and the impotency of the ketones against hydrolytic
attack by the enzyme. The insignificance ofthe INR term
in Equation (14) seems to reflect the weaker potency of
A. aegypti hydrolytic enzyme. The IN in Equation (14)
is an indicator variable that takes 1.0 for amides and

A. Aedes aegypti

I(-) Hydrolytic attack
Bx

D
K0

H-bonding x

IOR

B. Tenebrio molitor
Hydrolytic attack

IBx

D j

Tnx
FIGURE 9. Binding models of 2,4-dodecadienoates to (A) A. aegypti

and (B) T. molitor receptors (39). The solid lines are the steric
interaction sites or spatial walls. The region indicated by oblique
lines in A is the H-bonding site and that in B is the hydrophobic
interaction site. The arrows directed toward the carbonyl group
indicates the possible hydrolytic site. The affixes are the param-
eters incorporated into Eqs. (14) and (15) to suggest these sites.
The compound used in the model is methoprene (X). (Reproduced
with permission from the American Chemical Society.)
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zero for the others. Its physicochemical meaning is ob-
scure but the negative coefficient shows that the activity
of amides is uniformly lower in A. aegypti. Another
indicator variable term IOR in Equation (14) takes 1.0
for the compounds whose Y moiety is alkoxy and oth-
erwise zero. This effect seems to be due to a hydrogen-
bonding type interaction with an acidic group on the
receptor, enhancing binding. With a most favorable
combination of various factors, the very potent activity
ofisopropyl 1 1-methoxy-3,7,1 1-trimethyl-2,4-dodeca-
dienoate(methoprene X) on A. aegypti and that of the
corresponding N-ethylamide (XI) on T. molitor are
understandable.
Based on these results, an inclusive "mode of action"

map was drawn and shown in Figure 9A for A. aegypti
and 9B for T. molitor. The affixes explain the roles or
meanings of the parameters incorporated into the cor-
relations. The models help in understanding the overall
resemblance as well as the species difference of the
mode of action.

It is worthwhile to test the validity of the receptor
models and/or the possibility of transposing the struc-
tural information to other classes of compounds. Thus,
in Figure 10A, the CPK model of the nonterpenoid N-
ethyl-1,2-bis(isobutylthiolcarbamoyl)ethane (XII) was
accommodated to a model which shows inclusively the
receptor contour of both insect species with that of
methoprene. The carbamoylethane that fits well into the
model reportedly exhibits a high morphogenetic activity
on T. molitor (36), but the activity data on A. aegypti
is lacking. The compound is expected to show some
activity on A. aegypti, if the N-ethyl group does not
interact so badly with the I( -) wall. Figure 10B is the
result on N-[4-(3-chlorobenzyloxy)benzyl]-2,6-difluo-
roaniline (XIII), which possesses a seemingly very dif-
ferent structure and exhibits, although moderately,

A

FIGURE 10. Comparison ofthe molecular shape ofnon-terpenoid JH-
mimetic compounds with that of terpenoid type, methoprene (X)
(39): (A) compound XII; (B) Compound XIII. The thick solid line
represents the contours of the CPK models of these compounds
and the thin solid line that of methoprene. The spatial walls of the
A. aegypti and T. molitor receptors are also shown inclusively by
the solid line. (Reproduced with permission from the American
Chemical Society.)

activity on T. molitor (37). It has a conformationally
rigid benzene ring at the center of the molecule. If one
assumes the same target site, both ends should be par-
allel, and thus an extended conformation as shown by
Figure 10B is adopted.
The approaches could be extended to other insect

species as well as to other diverse classes of compounds.
In these phases, the mode of action models or the re-
ceptor maps will act as a guide. Over the dissimilarities
of the modes of action between species, the structural
essentials which confer the JH activity through species
would be more clearly indicated.

Plant Growth Regulators
Cytokinin-Active Adenine and Urea
Derivatives
The term cytokinin refers to a class of plant hormones

that promote cell division and growth in certain plant
tissues. They are often involved in cell differentiation
and organ formation, enhancement of seed germination,
and resistance to senescence. 6-[(E)-4-Hydroxy-3-
methyl-2-butenylamino]purine(zeatin) and 6-(3-methyl-
2-butenylamino)purine are naturally occurring repre-
sentatives of this class. N,N'-Diphenylurea, isolated as
a cell-division factor of coconut milk (40), is in another
class of cytokinins which possess seemingly very dif-
ferent structures from but the same activity as the N6-
substituted adenines.
With the aim of elucidating structure-activity rela-

tionships as well as at developing highly active analogs,
a large number of related compounds have been syn-
thesized in both series of cytokinins. To reveal the cor-
respondence of structural requirements between two
series of compounds, the QSAR technique has been uti-
lized (41). Equation (16) was formulated for a number
of N6-alkyl- and N6-substituted benzyladenines (XIV).

RNH

N

N N
H

R: Alkyl or substituted benzyl
XIV

Equation (17) was derived from the data determined by
Bruce and Zwar (42) for N,N'-diphenylureas having
substituents on one of the benzene rings (XV).

0

H H XVY,Z
xv
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For N6-substituted adenines:

log(1/E,o) = 3.35Wax - 0. 32(Wmax)2
(1.71) (0.15)

+ 2.03* -

(0.98)
with n = 22

r = 0.85
s = 0.26

0.65Wo,m
(0.26)
1.50
(4.74) (1

For N,N'-diphenylureas:

log(1/C) = 0.90u - 0.85LO - 0.27Lp
(0.33) (0.25) (0.22)

+ 1.047rrll + 5.00
(0.58) (0.32)

with n = 39
r = 0.91
s = 0.38

E50 in Equation (16) is the molar concentration at
which the 50% of the maximum callus yield is obtained
in the tobacco callus bioassay, and C in Equation (17)
is the minimum molar concentration at which the activ-
ity is detected in the tobacco pith assay. Wnlar is the
maximum width perpendicular to the bond axis of the
N6-substituents, as shown in Figure 11. Since the bulk-
iness of ortho and meta substituents on the Nf6-benzyl
moiety is not reflected by the WnaX parameter as de-
picted by Figure 12, their "maximum" width was sep-

L-axis '---.

H H> H

~~ H. <

1- L--4
FIGURE 11. Schematic representation of the steric W parameters

(50). (Reproduced with permission from the American Chemical
Society).

L-axis

Wmax

FIGURE 12. Schematic representation of the steric Wa,. parameter
of the benzyl moiety (41). The maximum width of the shadowed
m- and p-substituents entered into Eq.(17). (Reproduced with
permission from Pergamon Press, Ltd.)

arately defined as W,,,,7. Lo and Lp are the length
parameters for ortho and para substituents of diphen-
ylureas and r,,, is the hydrophobic parameter of the
meta substituents. Wand L parameters were calculated
by the STERIMOL program (9) for the fully extended
conformation.
The significance of the (Wr,ax)2 term in Equation (16)

shows that there is an optimum steric condition (ca. 5.2
A) for activity in terms of the maximum width at the
N6-substituents of adenylate cytokinins. The negative
coefficient of the W ,,,7 term indicates that, the thicker
the ortho and meta substituents, the lower the activity.
For N,N'-diphenylurea derivatives, Equation (17) in-
dicates that the position-specific steric and hydrophobic
effects of the aromatic substituents are of major im-
portance in determining the activity. At the ortho and
para positions, substituents length is unfavorable, as
shown by their negative coefficient. No particular length
effect is observed for meta substituents, but their high
hydrophobicity enhances activity. The hydrophobicity
ofthe whole molecule is, however, not significant in both
series, suggesting that transport in the tobacco tissue
is not a process important for activity within the com-
pound sets analyzed. Variations in activity are thus gov-
erned mainly by variations in the interaction with the
target site.
The electron-withdrawing effect expressed by the

positive sign of the Taft's a* term in Equation (16) for
N6-substituents of adenines is considered to be opera-
tive at the N6-H. A similar electronic effect indicated
by the Hammett a term in Equation (17) suggests an
electronic interaction via the NH group on the urea
bridge. The basic partner group of the interaction could
be common with that for the adenylate cytokinins, if
one assumes the same receptor. The site of interaction
for the substituted benzene moiety of diphenylureas is
then better considered to correspond to the heterocyclic
moiety of the adenylate cytokinins, since the position-
specific hydrophobic effect expressed by the rnl, term is
not observed for the N6-substituents in adenine
derivatives.
On the basis of these results, the modes of binding

for both the adenine and urea cytokinins to the site(s)
of action are schematically represented in Figure 13.
The stippled lines in the figure represent the steric in-
teraction sites or the spatial walls deduced from the
steric parameters incorporated into Equations (16) and
(17), and the smooth line facing the NH groups is the
electron-donating site. The striped circle is the hydro-
phobic region where the meta substituents of the di-
phenylureas come on when they fit with the receptor,
as suggested by the wr,,. term in Equation (17). The com-
bined binding model displays the structural correspond-
ence and/or similarity between the two series of
cytokinins. Since the identity of their sites of action has
recently been indicated by a kinetic approach (43), Fig-
ure 13 is considered to show the physicochemical entity
of cytokinin receptor as well, the results from the two
series of compounds complementing each other.
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Cytokinin-Agonistic and Antagonistic
Pyrrolo[2,3-d]pyrimidines

Antagonists of a biologically active compound play an
important role in studying its bioregulatory mechanisms
and mode of action. In this respect, quite a few struc-
tural classes of cytokinin antagonists, anticytokinins,
have been developed recently (44-48), all of which pos-
sess similarities in structure to N6-substituted adenyl-
ate cytokinins. Among these, N4-substituted 4-amino-
2-methylpyrrolo[2,3-d]pyrimidines (XVI) are unique

RNN

N\

CH3 N N
H

R: Alkyl or substituted phenyl

Both N4-alkyl and N4-phenyl derivatives exhibit ac-
tivity, agonistic or antagonistic depending on the struc-
ture. The steric features were thought to be responsible
for the activity change, the maximum width (W,,,,.r) and
the thickness (W,,) upward and rectangular to the W,,,,
being most plausible. The definition of steric parameters
are shown in Figure 11. Equation (18) is the one finally
correlated for the combined set of compounds.

log(1/A) = 2.98W'ax - 0.33(WRax)2 + 1.1OW - 0.35LR(1.86) (0.19) (0.37) (0.26)

- 1.09WPh + 10.25IPh +
(0.27) (4.64)

with n = 44
a = 0.92
s = 0.39

1.21&* + 0.53-r
(0.65) (0.15)

- 8.27
(4.53)

(18)

XVI

since their activity varies from agonistic to antagonistic
with the transformation of the N4-side chain (47). They
are accordingly a class of compounds structurally con-
generic but having different types of activity.
The identity of their receptor has been shown kinet-

ically by the method of Lineweaver and Burk (49), where
the reciprocal of the growth response in terms of the
tobacco callus yield was plotted against the reciprocal
of the concentration of added cytokinin (50). Figure 14
shows an example for an antagonistic cyclopentyl de-
rivative, where the family of straight lines possesses a
common intercept, fulfilling the requisite for competi-
tive inhibition. The question that immediately arises is
how their interaction with the common receptor leads
to different biological results.

/fs~~Wmax

Lo

H im

Lp
FIGURE 13. Cytokinin-receptor binding model showing the struc-

tural correspondence between adenine and urea derivatives (41).
Models used are N6-benzyladenine and diphenylurea. A hexagon
represents the benzene ring. Stippled lines show the spatial walls,
the smooth line the electron-donating site, and the striped circle
the hydrophobic region. (Reproduced with permission from Per-
gamon Press, Ltd.)

The A expresses E),, the molar concentration required
for 50% of the maximum growth of the tobacco callus,
when compounds are agonistic and, when antagonistic,
it is 150, the molar concentration required for 50%k in-
hibition of callus growth promoted by kinetin. The steric
parameters for the alkyl series of compounds were sep-
arated to be significant from those for the phenyl series
of compounds. Those for the alkyl series are markedl by
a superscript R and those for the latter by Ph. This
result means that the exact mode of steric interactions
with receptor is different between the two series, re-
flecting the different substituent shapes. In phenyl dle-
rivatives, it is governed by the maximum width, W....
and, in alkyl derivatives, by W',,, W, and L'. The
significance of the (WP h.,)2 term indicates that there is
an optimum steric condition for the binding of the alkyl
derivatives. The predicted optimum value, 4.7 A, co-
incides with the value, 4.2 A, estimated for the N`-

NH'O
N

H

1/Kinetin(IM)

FIGURE 14. The Lineweaver and Burk plots for the antagonistic
nature of the indicated compound to kinetin (50). The ordinate
expresses the reciprocal of the growth rate of tobacco callus in the
absence (bottom line) and in the presence of the compound in
various concentrations as indicated. (Reproduced with permission
from the American Chemical Society.)
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adenylate cytokinins in the preceding section, providing
us with an insight into the bulkiness of the receptor
cavity into which the alkyl substituents must fit. The
nPh is an indicator variable for phenyl derivatives. Its
significance means that a factor which uniformly en-
hances activity of the aromatic congeners is operating,
although its physicochemical basis is unknown but prob-
ably due to the difference of the substituent shape.
The electronic and hydrophobic factors are common

through both the agonists and antagonists. The (* term
is suggestive of an electronic interaction at the common
N4-imino hydrogen atom with a basic site on the recep-
tor surface. The antagonists presumably scramble for
the site with agonists. Another common term, ar*, with
positive coefficients, shows the importance of hydro-
phobicity, probably in the transport process.
Equation (18) explains the potency of activity irre-

spective of the quality of activity, agonistic or antago-
nistic. Figure 15 shows the parabolic dependence of the
cytokinin agonistic and antagonistic activities of alkyl
derivatives on the WRv. value, and Figure 16 the linear,
downward relationship of the activity of phenyl deriv-
atives to W,. Conspicuous is the fact that the W`W..
values of alkyl derivatives having agonistic activity and
denoted by open circles are in the range of 4.5-6.0 A
and the compounds having the WR",, values outside this
range are anticytokinins. At the same time, they are
on the common parabolic curve in terms of W',,,,. The
results coincide with and provide evidence for the hy-
pothetical concept for hormonal action that agonist bind-
ing causes a conformational change of an otherwise
inactive receptor to the active form and that antagonists
are species that bind similarly to the receptor but do
not cause the effective conformational change. In the
present case, the interaction at the WR ,, region is re-
sponsible not only for the binding but also for the quality
of activity, i.e., a conformational change leading to the

active species. The interaction at the WPh region has
the same role also in the phenyl series of compounds,
the agonists having the values larger than ca. 4.0 AA.
Within the congeneric phenyl derivatives, Equation

(18) indicates that compounds having as large as possible
-n and u* values and as small as possible WVj,.h values
should be highly active as anticytokinins. The p-CF:, and
p-i-Pr derivatives, the highest active members of the
class, were thus derived.

Concluding Remarks
The above examples show that much invaluable in-

formation has been derived from quantitative compar-
isons of physicochemical factors determining structure-
activity relationships. As stated earlier in this article,
they are broadly classified into two types. In the first
type, the comparisons were made between different
classes of compounds having the same type of activity
such as antiacetylcholinesterase carbamates vs. phos-
phates, pyrethroids vs. DDT-related compounds and
adenylate vs. diphenylurea cytokinins. In the second
type, structural factors were compared within a single
type of compound; between subsets of a series of N4-
substituted pyrrolopyrimidines exhibiting cytokinin-
agonistic and antagonistic actions and between activi-
ties against different insect species of a series of do-
decadienoate juvenoids. In each example, similarities
and dissimilarities in molecular mechanisms of action
between counterparts were clearly demonstrated. Ac-
cumulation of QSAR results within each comparative
study is expected to lead to the revelation of novel em-
pirical rules determining structure-activity relation-
ships as well as to reinforcing the validity of molecular
mechanisms.
The information obtained from the QSAR analyses is

helpful in designing compounds of optimized structure
having the most favorable activity by modifications of

-1f,

Is _ *^/'OH /,/\°'I-< NF<
I

-0 /,Ph

* --<OH

4 5

Wmax

° tPh

6 7

FIGURE 15. Relationship of the cytokinin agonistic and antagonistic
activities of 4-alkylamino-2-methylpyrrolo[2,3-d]'pyrimidines to
W,, as expressed by Eq. (18) (50). The compounds denoted by
open circles are those having agonistic activity. (Reproduced with
permission from the American Chemical Society).
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FIGURE 16. Relationship of the cytokinin agonistic and antagonistic

activities of 4-anilino-2-methylpyrrolo[2,3-d]pyrimidines to W,,(.

expressed by Eq. (18) (50). The compounds denoted by open circles
are those having agonistic activity. (Reproduced with permission
from the American Chemical Society.)
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substructures. In fact, a number of attempts have been
made to apply this procedure to structural optimization
to derive useful bioactive compounds with varying de-
grees of success (3,51-55). The comparative QSAR stud-
ies not only promote such structural optimization
procedures but are also useful in providing indications
for developing other classes of compounds showing the
same type of activity and having novel structural fea-
tures, by integrating empirical rules governing struc-
ture-activity profiles. In cases where molecular shape
is important, the "receptor-contour-maps" may be of
use.
The examples in this article were selected only from

the areas of insecticides and plant growth regulators.
Similar comparative QSAR studies for different com-
pound series having the same type of activity have also
been performed in other fields of pesticides which in-
clude agricultural fungicides (56) and photosynthesis-
inhibitory herbicides (57). Recently, this type of QSAR
analysis has been applied to environmental toxicological
problems (58). We hope that comparative studies could
also be accumulated for environmental problems so that
the Hansch approach would integrate the methodologies
for structure-property relationships which have been
carried out independently in the field of drug and pes-
ticide pharmacology and in the field of environmental
toxicology.
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